A distributed-feedback fiber laser hydrophone with band-pass response is presented. The design of the hydrophone aims to equalize static pressure and eliminate signal aliasing of high-frequency acoustic components. Theoretical analysis is presented based on electro-acoustic theory. The experimental results agree well with the theory. The measured underwater responses show that the hydrophone has a pressure sensitivity of −170 dB re : pm=μPa over a bandwidth between 100 Hz and 500 Hz. A sensitivity reduction exceeding −35 dB is observed at 2500 Hz. The tested static pressure sensitivity of the hydrophone is −226 dB. The proposed fiber laser hydrophone of this kind is expected to have important application in deep water fiber-optic sonar systems with anti-aliasing, and the understanding gained through this work can be extended to a guide of hydrophone design for required filtering bandwidth.
Distributed-feedback (DFB) fiber laser hydrophones have attracted great research interest in developing newgeneration sonar systems. Using an optically pumped narrow-linewidth fiber laser of several millimeters in length as the sensing element, the fiber laser hydrophones provide key technology to build ultra thin arrays [1, 2] . Research efforts on sensitivity enhancement coupled with interferometric detection schemes that modulate the laser frequency using a phase-generated carrier have enabled the fiber laser hydrophone system to detect acoustic pressures of 100 μPa [3] [4] [5] . However, the practical applications of the fiber laser hydrophone are restricted due to pressure compensation problem in sensor head [2, 6] and signal aliasing problems in demodulating schemes [7, 8] . These problems prompt new concerns on the acoustic responses of the fiber laser hydrophones, although flat responses have been said to be achieved in recent years [3, 4] .
Pressure compensation is a high-pass acoustic response. Early attempts on pressure compensation were to incorporate an air-filled bladder and acoustic filter into a flexural beam bender fiber laser hydrophone [6] . This structure can only achieve a theoretical maximum allowable depth of 50 m but increases the complexity of the hydrophone. Another method to realize pressure compensation is to communicate the inside cavity of a diaphragm hydrophone to the outer circumstance [9] . This scheme needs a further estimate to the acoustic performance of the hydrophone.
Signal aliasing can be eliminated by adding a mechanical anti-aliasing filter [8] , which enables the hydrophone system a low-pass acoustic response. However, the proposed mechanical filters increased the size of the sensor head to an outside diameter of 30 mm, which should be reduced in an ultra-thin hydrophone array system. Moreover, structures realizing pressure compensation or antialiasing separately are not enough for fiber laser based practical hydrophone systems. Both being realized in a single structure is of interest.
Based on the above understanding, we propose a DFB fiber laser hydrophone with band-pass response. With such a response, pressure compensation and antialiasing can both be realized. The acoustic performance is theoretically estimated based on the electro-acoustic method. Experiments are carried out and the results are well in agreement with the simulation results.
The proposed hydrophone is illustrated in Fig. 1(a) . A rubber diaphragm is installed in an aluminum cylindrical shell and used as the sensitivity enhancement element. Thus, the hydrophone includes a long cavity and a short cavity separated by the diaphragm. Deformation of the diaphragm under pressure induces a change of stress in the fiber laser, thereby leading to a shift in the laser wavelength. In this structure, each cavity and the orifice connects to the cavity compose a Helmholtz resonator, which is used as a low-pass acoustic filter [8] . The acoustic model of the hydrophone is shown in Fig. 1(b) . As there are two Helmholtz resonators with different filtering frequencies and the deformation of the diaphragm depends on the differential pressure between its two sides, the response of the hydrophone is the subtraction of two lowpass responses, thus leading to a band-pass response.
The electric-circuit element analogous to the hydrophone can be given by Fig. 2 . In this analogous, Δp is the differential pressure between the two sides of the diaphragm. According to the theory of circuit analysis, the magnitude of Δp can be expressed as where f is the frequency of the acoustic wave and
where i 1; 2; M ai , and R i are the acoustic mass and the equivalent acoustic resistance of the orifice, respectively; C ai is the equivalent acoustic compliance of the cavity. It can be known from (1) that when f → 0, jΔpj → 0;
These results indicate that the high-frequency acoustic signal and lowfrequency acoustic signal cannot induce a deformation of the diaphragm. Thus pressure compensation and antialiasing can both be realized in theory.
According to the character of Helmholtz resonators, f 1 and f 2 are the resonant frequencies of the two Helmholtz resonators [10] . We can find from (2) that the resonant frequencies can be changed with the acoustical parameters of the Helmholtz resonators. A band-pass flat response may appear when the higher resonant frequency (f 1 ) is designed to be far greater than the lower resonant frequency (f 2 ). For f 1 ≫ f ≫ f 2 , jΔpj=jpj → 1 as computed from (1). According to this result, a broadband flat response can be designed by increasing f 1 and decreasing f 2 .
As the shell and the diaphragm can be regarded as rigid devices in air, M ai , C ai , and R i can be given by [11] M ai ρl i 1:
where i 1; 2; ρ is the density of air; l i and a i are the length and the radius of the orifice, respectively; V i is the volumes of the cavity; μ is the kinematic viscosity,μ 15:6 × 10 −6 m 2 =s in air; and c is the acoustic velocity c 340 m=s in air. Thus f i can be calculated by
In water, M ai and R a can be calculated according to (4) and (6), where ρ should be replaced by the density of water, μ 1 × 10 −6 m 2 =s in water. It is difficult to calculate C ai due to the influence of the shell, the diaphragm, and the dissolved air in water. This is because the shell and the diaphragm cannot be regarded as rigid devices, and the uncertainty of the compressibility of the water increases as air dissolved. As a result, f i and Q i are difficult to predict. It can be noticed from (2) that C ai can be acquired by the test results of f i . Once C ai is known, Q i can be acquired by (3) .
The parameters of the fiber laser hydrophone are given in Table 1 . The hydrophone was calibrated by comparing the responsivity with the responsivity of a standard hydrophone (B&K 8103). A standing wave tube was used as the acoustic source for the underwater calibration of the hydrophones and a commercial speaker was used as the acoustic source for the in air calibration. The standing wave tube was built according to Chinese National Standard "Low-frequency calibration methods of hydrophones (GB/T 4130-2000)," and the underwater test setup is shown in Fig. 3 . A DFB fiber laser with a center wavelength of about 1537 nm is used in the fiber laser hydrophone. The phase-shift grating of the DFB fiber laser is 44 mm in length and the Er 3 -doped fiber is 60 mm in length. The DFB fiber laser works at a single mode. The interrogation of the fiber laser hydrophones is achieved by using phase generate carrier demodulation [12] , with a carrier frequency of 10 kHz. Because of the carrier frequency limit of the demodulation system, the frequency response of the hydrophone beyond 2500 Hz was not tested in this paper. The in-air experimental results and the simulated results are shown in Fig. 4 . The tested results show that the hydrophone has two resonant frequencies at about 125 Hz and 1000 Hz, respectively. The average sensitivity between the two resonant frequencies is −174 dB re :1 pm=μPa. The sensitivity decreases above the high resonant frequency and below the low resonant frequency, and reaches −190 dB at 40 Hz and −186 dB 2500 Hz, respectively. Simulated results according to (1) and Table 1 explain the experimental results. The wavelength shift of the fiber laser under pressure is assumed to be −174 dB in the simulation. The experimental results agree well with the theory.
The underwater experimental results and the simulated results are shown in Fig. 5 . The hydrophone exhibited a flat response with an average sensitivity of −170 dB between the two resonant frequencies, 100 Hz and 500 Hz. The high-frequency response shows a sensitivity reduction exceeding −35 dB was achieved at 2500 Hz. The simulated result is also given with C ai being calculated from tested resonant frequencies. It can be seen that the theory explained the experimental results well, except at the frequencies near 50 Hz. It is probably due to the interferences in the test system introduced from the electric power grid.
The hydrostatic pressure is tested with the hydrophone installed within a high-pressure vessel fed by a hydraulic pump. The pressure-induced fiber laser wavelength shift was monitored by an optical spectrum analyzer with a wavelength accuracy of 1 pm. The tested hydrostatic pressure sensitivity is shown in Fig. 6 , which indicates that the hydrostatic pressure sensitivity is −4:9 pm=MPa (−226 dB at 0 Hz). Thus, the results indicate that the hydrophone has a pressure compensation character.
In conclusion, a fiber laser hydrophone with bandpass response has been manufactured and demonstrated. The theoretical analysis is given based on electroacoustic theory and the experimental results agree well with the theory. The hydrophone is able to compensate for the hydrostatic pressure and restrain the highfrequency components of acoustic signals. With such characteristics, this sensor has a potential application in fiber-optic sonar system. 
